Processing of composite materials with thermoplastic matrices is very complicated due to the high viscosity of the matrix material. Therefore, the impregnation parameters have to be investigated in order to achieve both a good impregnation of the fibres and a high consolidation quality of the different layers. The aim of the present study was to consolidate tows consisting of polymer powder between glass fibre bundles with a surrounding polymer sheath. Since impregnation was meant to occur under nearly the same conditions as in continuous processes, such as, thermoplastic filament winding or pultrusion, only one or two tows were impregnated during the experiments under defined processing parameters, such as, impregnation temperature, pressure, and time.
INTRODUCTION
Polymeric composites are destined for low weight and high stiffness constructions. New developments have also focussed on the use of thermoplastic matrices, because of their advantageous mechanical properties, especially the higher toughness when compared to traditional thermosets. Another advantage of these thermoplastic matrices is that no final curing process in an oven or autoclave is necessary. Therefore, these materials are especially suitable for continuous manufacturing processes such as thermoplastic filament winding [1, 2] or pultrusion [3] . Impregnation, consolidation and cooling are performed continuously during the manufacturing process. However, still a major problem in processing of thermoplastic composites is the high viscosity of the matrix material. As a result, impregnation parameters like temperature, pressure and time have to be optimized in order to achieve both, a good distribution and a strong bonding between fibres and matrix [4] . For improved thermoplastic composite preforms, the impregnation and consolidation times are very short. Furthermore, during a continuous process such as filament winding only one or just a few raw material tows are processed at the same time. These processing conditions therefore determine how to carry out comparable impregnation experiments: They have to be performed with a small number of raw material tows under a wide range of pressures with a well defined impregnation temperature and time. These were the requirements for the design of the impregnation equipment built up during this study. Impregnation temperature, pressure, and time were varied over a wide range. In order to characterize the impregnation and consolidation quality of consolidated tows, a special shear test had to be developed. Furthermore microscopic investigations of impregnated cross sections were performed.
EQUIPMENT AND EXPERIMENTS
Within the frame of the present study a special impregnation device was designed enabling the investigation of the impregnation and consolidation behaviour of single tows at very short times of pressure. The mould of the impregnation tool had a groove with a width depending on the thickness of the tow (Fig. 1 ) and a length of 70 mm. The temperature of the mould was measured by a thermocouple and controlled via a PID-controller. In order to achieve defined consolidation pressure profiles, the impregnation facility was integrated in a universal testing machine. The parameters influencing the impregnation and consolidation quality were temperature, pressure, and time (Fig.  2) . In order to determine the optimum processing window, each parameter was varied in a wide range while keeping the others constant.
The impregnation experiments were performed as follows: First the prepared sample ( Fig. 3b ) was put into the heated mould. Then, the also heated stamp was moved down until it just reached the sample surface without applying pressure. Under this condition, the sample was heated up for one minute (i.e. preheating period in Fig. 2 ). Preliminary experiments with an embedded thermocouple showed that this time was sufficient for the sample to reach the temperature of the heated tool components (+/-1°C). After the preheating phase the impregnation program was started. The testing machine closed the mould thus generating the impregnation pressure. After the predetermined impregnation time the machine opened the mould and the sample was taken out of the mould. Fig.  2 shows the temperature and pressure profiles during the experiment.
MATERIAL INVESTIGATED AND SAMPLE PREPARATION
The material investigated was a polymer powder impregnated and with a thin polymer sheath surrounded flexible fibre bundle (Fig. 3a) . This tow offers a high degree of flexibility in comparison to stiffer tapes, but is more difficult to process by filament winding or pultrusion. The In order to perform short time impregnation experiments a special sample preparation was processing parameter is the impregnation pressure, which is responsible for the matrix flow between the fibres. If this pressure is to high, the fibres are compressed and so, the permeability of the fibres is reduced. A further increase of pressure can even destroy the fibers. The third parameter varied during these investigations is the impregnation time. Two different impregnation experiments were performed. The first one was the impregnation necessary. The main problem was to avoid sample sticking to the mould. For this reason the two tows were partly wrapped in an aluminium foil, as shown in Fig. 3b . This also helped to define quite precisely the actual impregnation area.
EXPERIMENTAL METHODS
In order to process this intermediate material, both the surrounding polymer sheath and the powder have to be heated up to an optimum impregnation temperature. Higher temperatures result in a degradation of the matrix material and poor interfacial bonding between fibres and matrix. Lower temperatures lead to higher matrix viscosity and hence to low impregnation quality, and therefore to voids. Another important of one single tow. Impregnation parameters such as temperature, pressure, and time were varied systematically. The impregnation of the fibres was investigated just qualitatively by using scanning electron microscopy. During the second type of experiments, two tows were impregnated and consolidated next to each other over a well defined length. In this case, the consolidation quality was determined more quantitatively by the use of a special shear test. The ends of the tows were clamped into a tow tensioning device, so that a shear load could be applied to the consolidated tow surfaces (Fig. 3) . By knowing the consolidation area, and the ultimate shear force, the shear strength could be calculated. In the frame of this work, it was demonstrated, that this shear strength is a very sensitive parameter for characterizing the impregnation and consolidation quality of the two tows welded together. For the longest impregnation times, a beginning degradation of the matrix material, resulting in a decrease of shear strength was even observed. The next parameter varied was the impregnation temperature. These experiments were performed for impregnation times of both one second as well as two and a half seconds. The impregnation pressure amounted to 1MPa for both experiments. In addition, the impregnation temperature was altered between 210 °C and 320 °C, i.e. from below and above the crystallite melting temperature of PBT (T cm =223°C). Fig. 5 illustrates the correlation between the consolidation temperature and the resulting shear strength for the one second impregnation time experiments.
RESULS

Fig. 4 shows the correlation between the shear
As expected, impregnation temperatures lower than 220 °C resulted in very poor consolidation qualities. For this parameter combination, the optimum consolidation temperature was 250 °C. Here, shear strength values of about 33 N/mm 2 were reached. A further increase of temperature resulted in a decrease of shear strength due to beginning degradation of the matrix material. The same tendency of the results was observed for the impregnation experiments with the 2,5 seconds impregnation time (Fig. 6) . In this case, the best impregnation temperature was between 240 °C and 250 °C. As expected, for the 2,5 s im-pregnation time, the corresponding average shear strength values were higher as for the one second experiments.
The correlation between consolidation pressure applied and the resulting interlaminar shear strength is given in Fig. 7 A further very important criterion for the impregnation and consolidation quality of the powder impregnated tows is the fiber and matrix distribution. Fig. 8 demonstrates microscopic cross sections of impregnated samples after different impregnation temperatures. The void content could be reduced remarcably, due to the lower viscosity at the higher temperature level.
CONCLUSIONS
In the frame of the present study, the impregnation and consolidation behaviour of a particular polymer powder impregnated and sheath surrounded intermediate fibre composite preform was investigated. The impregnation parameters time, temperature, and pressure were systematically varied, and their influence on the impregnation quality was determined using a specially developed shear test. The results of these investigations represent a basis for a further modelling of the impregnation behaviour of this material preform.
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